During a study of the diversity and phylogeny of rhizobia in the root nodules of Kummerowia striata grown in north-western China, four strains were classified in the genus Rhizobium on the basis of their 16S rRNA gene sequences. The 16S rRNA gene sequences of three of these strains were identical and that of the other strain, which was the only one isolated in Yangling, differed from the others by just 1 bp. The16S rRNA gene sequences of the four strains showed a mean similarity of 99.3 % with the most closely related, recognized species, Rhizobium vitis. The corresponding recA and glnA gene sequences showed similarities with established species of Rhizobium of less than 86.5 % and less than 89.6 %, respectively. These low similarities indicated that the four strains represented a novel species of the genus Rhizobium. The strains were also found to be distinguishable from the closest related, established species (R. vitis) by rep-PCR DNA fingerprinting, analysis of cellular fatty acid profiles and from the results of a series of phenotypic tests. The level of DNA-DNA relatedness between the representative strain CCNWSX 0483 T and Rhizobium vitis IAM 14140 T was only 40.13 %. Therefore, a novel species, Rhizobium taibaishanense sp. nov., is proposed, with strain CCNWSX 0483 T (5ACCC 14971 T 5HAMBI 3214 T ) as the type strain. In nodulation and pathogenicity tests, none of the four strains of Rhizobium taibaishanense sp. nov. was able to induce any nodule or tumour formation on plants. As no amplicons were detected when DNA from the strains was run in PCR with primers for the detection of nodA, nifH and virC gene sequences, the strains probably do not carry sym or vir genes.
The species once assigned to the genus Agrobacterium Conn 1942 are Gram-reaction-negative soil bacteria that were placed in the family Rhizobiaceae of the class Proteobacteria on the basis of their rRNA gene characteristics (Kersters et al., 1973; Woese et al., 1984) . Most of these micro-organisms are plant pathogens that cause the formation of crown galls or hairy roots on various plant species, and their classification was once mainly based on their pathogenic properties. According to Young et al. (2001) , the 16S rRNA gene sequences of species of the genus Agrobacterium are so similar to those of species of the genus Rhizobium that all Agrobacterium species should be transferred into the genus Rhizobium. Although this transfer has largely been accepted, it remains a subject of controversy and debate (Farrand et al., 2003) .
Kummerowia is a genus of flowering plants belonging to the subfamily Faboideae of the family Leguminosae. Species of the genus Kummerowia are drought-enduring and can be used as fodder for cattle, as green manure and/ or to prevent soil erosion (Allen & Allen, 1981) . In China, some Kummerowia species are also valued as medicines and are used for the treatment of traumatic injuries with blood stasis, dysentery, icteric hepatitis, sores, carbuncles, furuncles and abscesses (New Medicine College of Jiangsu, 1977) . Species of the genus Kummerowia are also being considered for the treatment of menopausal dysfunction, since they are a source of oestrogen (Yoo et al., 2005) . Cui et al. (2010) CCNWSX 0487, CCNWSX 0481 and CCNWSX 0457) were closely related to Rhizobium vitis, with a mean sequence similarity of 99.3 %. In the present study, to verify their taxonomic position, these four strains were further characterized by sequence analyses of the recA and glnA housekeeping genes, repetitive element PCR fingerprinting (rep-PCR), DNA-DNA hybridization, the determination of cellular fatty acid profiles and numerical taxonomy. In addition, the existence of sym and vir genes in the four strains was checked in PCR-based assays and plant inoculation tests. All of the strains were grown on yeastmannitol agar (YMA; Vincent, 1970) at either 28 u C or, for temporary storage, 4 uC.
Total genomic DNA, isolated and purified as described by Moulin et al. (2004) , was used as PCR template. The universal primers P1/P6 (Tan et al., 1997) were used to amplify the almost-complete 16S rRNA gene sequence (Wang et al., 1998) whereas partial recA and glnA gene sequences were determined as described by Gaunt et al. (2001) and Turner & Young (2000) , respectively. All of the sequences were compared with those found by BLAST searching in the NCBI sequence database (Altschul et al., 1990) . Sequences were aligned using the CLUSTAL W program (Thompson et al., 1994) before the distances between the sequences were calculated using the maximum composite likelihood method (Tamura et al., 2004) , the Kimura two-parameter method (Kimura, 1983) and the methods of Jukes & Cantor (1969) and Tajima & Nei (1984) . Phylogenetic trees were constructed using the MEGA 4.1 package (Kumar et al., 2008) and the neighbour-joining (Saitou & Nei, 1987) , minimum-evolution (Rzhetsky & Nei, 1993) and maximum-parsimony methods (Swofford, 1993) . The robustness of the tree branches was estimated from bootstrap analysis, with 1000 replications. There were no significant topological differences between the phylogenetic trees created using the three treeing methods. The trees shown (Figs 1 and 2) were inferred by the neighbourjoining method after distance analysis of the aligned sequences according to the maximum composite likelihood model. In the trees for the 16S rRNA gene sequences, strains CCNWSX 0483 T , CCNWSX 0487, CCNWSX 0481 and CCNWSX 0457 formed one tight group within the genus Rhizobium (Fig. 1) . The observed 16S rRNA gene sequences of three of these strains were, in fact, identical, and that of the other strain (CCNWSX 0457, isolated in Yangling) differed from these by just 1 bp. In terms of their 16S rRNA gene sequences, strains CCNWSX 0483 T , CCNWSX 0487, CCNWSX 0481 and CCNWSX 0457 appeared to be most closely related to Rhizobium vitis, with a mean similarity of 99.3 %. Phylogenetic analyses of the partial recA and glnA sequences supported the conclusions T , CCNWSX 0487 and CCNWSX 0481 were identical and showed 97.8 % (recA) and 98.5 % (glnA) similarities with the corresponding sequences of strain CCNWSX 0457. For recA, strain CCNWSX 0483 T showed the highest sequence similarities with Rhizobium rosettiformans W3 T (86.5 %) and Rhizobium rhizogenes NCPPB 2991 T (82.8 %). For glnA, the strains of recognized species that appeared most closely related to CCNWSX 0483 T were R. rhizogenes LMG 150 T (88.9 %), Ensifer adhaerens LMG 20216 T (88.8 %) and R. vitis S4 (88.5 %). The low similarities found between the recA and glnA gene sequences of strains CCNWSX 0483 T , CCNWSX 0487, CCNWSX 0481 and CCNWSX 0457 and the corresponding sequences of any recognized species indicated that the four Chinese strains represent a novel speices of the genus Rhizobium.
Rep-PCR is a useful method for differentiating closely related rhizobia and can be accurate to strain level (Gao et al., 2001; Kawaguchi et al., 2008; Laguerre et al., 2003; Menna et al., 2009) . In the present study, the primers ERIC1R (59-AT-GTAAGCTCCTGGGGATTCAC-39) and ERIC2 (59-AAGT-AAGTGACTGGGGTGAGCG-39) were used for ERIC-PCR (Versalovic et al., 1991) while BOXAIR (59-CTACGGCA-AGGCGACGCTGACG-39) was used as the primer for BOX-PCR (Versalovic et al., 1994) . In these rep-PCR, each type of DNA fragment with a different electrophoretic mobility was scored as either 1 (if present) or 0 (if absent). The BioNumerics program (Applied Mathematics), with the UPGMA algorithm and the Jaccard coefficient (Sneath & Sokal, 1973) , were used for the cluster analysis. , CCNWSX 0487 and CCNWSX 0481 were identical, while those for strain CCNWSX 0457 indicated a similarity level of 66 % with the other three strains (Fig. 2) , demonstrating that the four strains were not all clones of one strain.
DNA-DNA hybridization is a useful method for identifying novel bacterial species, especially when the 16S rRNA gene sequence of the novel species has a high level of similarity with that of an established species (Graham et al., 1991) . Total DNA was therefore isolated from strains CCNWSX 0483 T , CCNWSX 0487, CCNWSX 0481 and CCNWSX 0457 and purified (Marmur, 1961) . The DNA G+C content was determined by the thermal denaturation method of Marmur & Doty (1962) , with Escherichia coli K-12 used as the standard. The G+C content of the four Chinese strains (58.0-59.2 mol%) fell within the range reported for the genus Rhizobium (Jordan, 1984) . DNA-DNA relatedness was then estimated by following the thermal melting protocol of De Ley et al. (1970 Cellular fatty acid profiles have been used to distinguish between species of Rhizobium and those of related genera (Tighe et al., 2000) . To measure the fatty acid composition of strain CCNWSX 0483 T , the strain was incubated at 28 u C for 48 h on TY medium (Jarvis et al., 1996) . The methods subsequently used for harvesting, saponification, methylation and extraction of the cellular fatty acids followed version 3.0 of the Sherlock Microbial Identification System Clustering analysis based on the combined ERIC-and BOX-PCR fingerprints was performed using the UPGMA method.
Rhizobium taibaishanense sp. nov. (MIDI, 1999) . A Hewlett Packard 6890 gas chromatograph equipped with an Ultra2 capillary column (25 m60.2 mm) and a flame-ionization detector was then used to separate the fatty acid methyl esters. For this chromatography, hydrogen was used as the carrier gas, nitrogen was the 'makeup' gas, and air was used to support the flame. Peak integration and identification were performed using the MIDI software package (Sherlock TSBA40 method and TSBA40 library; MIDI Inc.). The cellular fatty acids of strain CCNWSX 0483
T were identified as C 18 : 1 v7c (65.02 %), C 16 : 0 (6.47 %), C 16 : 0 3-OH (3.22 %), iso-C 17 : 0 3-OH (1.63 %), C 18 : 1 v7c 11-methyl (2.31 %), C 18 : 0 3-OH (1.09 %), C 18 : 1 2-OH (1.50 %), C 19 : 0 cyclo v8c (6.18 %) and C 19 : 0 10-methyl (1.66 %), with three summed features (Supplementary Table S1 ), indicating that the strain should be assigned to the genus Rhizobium (Tighe et al., 2000) . Strain CCNWSX 0483
T differed from recognized species of the genus Rhizobium in its lack of detectable C 18 : 0 and C 20 : 3 v6,9,12c, its higher levels of iso-C 17 : 0 3-OH, and its possession of C 18 : 0 3-OH.
The phenotypic features of strains CCNWSX 0483 T , CCNWSX 0487, CCNWSX 0481 and CCNWSX 0457 were also compared with those of R. vitis IAM 14140 T , using the methods described by Gao et al. (1994) . Twenty-four different carbon sources and 15 types of nitrogen source were tested. Resistance to chloramphenicol, lincomycin, azithromycin, kanamycin, amikacin sulfate, streptomycin sulfate, ampicillin and benzylpenicillin sodium, each at concentrations of 300, 100, 50 and 5 mg ml 21 in YMA, was also investigated. The temperature range for growth was determined by incubating cultures on YMA at 4, 40 and 60 u C. The effect of pH on growth was explored using YMA at final pH values of 4.0, 5.0, 9.0, 10.0, 11.0 and 12.0 and the method of Moffett & Colwell (1968) . Salt tolerance was studied in YMA containing 1-6 % (w/v) NaCl. Dye and chemical resistance was investigated with methyl orange, methyl red, methylene blue, neutral red, Congo red, malachite green, bromothymol blue, sodium deoxycholate and NaNO 2 , each at concentrations of 1 % and 2 % (w/v) in YMA. Reactions in litmus milk, alkali production from malonic acid, utilization of citrate and production of 3-ketolactose were examined by the methods of Moore et al. (1988) . Indole production, reactions in the methyl red and Voges-Proskauer tests, hydrolysis of starch, gelatin and Tween 80, catalase, urease and oxidase activities, reduction of nitrate and nitrite, and hydrogen sulphide production from cysteine were also determined, as described by Smibert & Krieg (1994) . Distinctive phenotypic characteristics of strains CCNWSX 0483 T , CCNWSX 0487, CCNWSX 0481 and CCNWSX 0457 and the type strains of the phylogenetically closest species are shown in Table 2.  Strains CCNWSX 0483 T , CCNWSX 0487, CCNWSX 0481 and CCNWSX 0457 each differed from R. vitis in their ability to utilize b-naphthyl acetate, hydrolyse gelatin, peptonize and reduce litmus milk and grow at 40 uC, and in their inability to utilize (2)-L-sorbose and citrate, produce alkali from litmus milk, and grow in the presence of 2 % (w/v) NaCl.
Attempts were made to amplify intragenic fragments of any nodA, nifH and virC genes in strains CCNWSX 0483 T , CCNWSX 0487, CCNWSX 0481 and CCNWSX 0457, to see if the strains harboured the sym and vir genes that can induce the formation of root nodules and plant tumours, respectively. Amplification of the nodA fragment (Haukka et al., 1998) was based on the primers nodA-F1 (59-TGC-RGTGGARDCTRYGCTGGGAAA-39) and nodA-R2 (59-G-GNCCGTCRTCRAASGTCARGTA-39). The primers nifH40F (59-GGNATCGGCAAGTCSACSAC-39) and nifH817R (59-TCRAMCAGCATGTCCTCSAGCTC-39) were used for the amplification of the nifH fragment (Vinuesa et al., 2005) , whereas amplification of the virC fragment (Sawada et al., 1995) was based on VCF (59-ATCATTTGTAGCGACT-39) and VCR (59-AGCTCAAACCTGCTTC-39). Although the expected amplicons were produced when the three different PCR were run with the DNA of R. leguminosarum USDA 2370 T (nodA and nifH amplifications) or R. vitis IAM 14140 T (virC amplifications) used as positive controls, no amplicons were detected when the template DNA came from strains CCNWSX 0483 T , CCNWSX 0487, CCNWSX 0481 or CCNWSX 0457.
To assess their symbiotic potential, strains CCNWSX 0483 T , CCNWSX 0487, CCNWSX 0481, CCNWSX 0457 and, as a positive control, the symbiotic strain Ensifer kummerowiae CCBAU 71714 T (which was isolated from K. stipulacea) were each inoculated onto seedlings grown in pots filled with vermiculite that had been moistened with N-free plant nutrient solution (Vincent, 1970) . The inoculated plants were K. striata (i.e. the host of origin of strains CCNWSX 0483 T , CCNWSX 0487, CCNWSX 0481 and CCNWSX 0457) and two species of leguminous plant that often coexist with K. striata in north-western China: Melilotus officinalis and Medicago sativa. The inoculated plants were allowed to grow for 1 month before being checked for signs of root nodulation. Although all three plant species inoculated with the positive control developed pink nodules, no nodules were detected on any of the other plants.
The ability of strains CCNWSX 0483 T , CCNWSX 0487, CCNWSX 0481, CCNWSX 0457 and, as a positive control, the tumour-inducing R. vitis IAM 14140
T to produce crown galls was investigated by inoculating 4-week-old tomato seedlings and 3-week-old sunflower seedlings (Moore et al., 2001) . After the plants were left to grow for 1 month, only those inoculated with the positive control were found to have developed crown galls.
The results of the present study indicate that strains CCNWSX 0483
T , CCNWSX 0487, CCNWSX 0481 and CCNWSX 0457 represent a novel species related to, but distinct from, R. vitis, for which we propose the name Rhizobium taibaishanense sp. nov.
Description of Rhizobium taibaishanense sp. nov.
Rhizobium taibaishanense (tai.bai.shan.en9se. N.L. neut. adj. taibaishanense of or belonging to the Taibaishan Mountains in the Shaanxi province of China, where the bacterium was isolated).
The morphology of the cells and colonies is as described for the genus Rhizobium. Produces acid on YMA and uses sodium pyruvate, sodium malonate, D-xylose, galactose, D-fructose, sodium propionate, L-arabinose, raffinose, Dribose, rhamnose, sodium hippurate, b-naphthyl acetate, a-naphthalene acetic acid, mannose, maltose, trisodium citrate, sodium acetate, glucose, sucrose, lactose, sodium tartrate and inositol as sole carbon source; some strains can also use sodium succinate but none of those tested can use (2)-L-sorbose or starch. L-Cystine, L-methionine, L-lactamine, L-glutamic acid, L-asparagine, L-threonine, L-leucine, L-adenine, L-arginine and L-phenylalanine are used as sole nitrogen sources; some strains can also use L-cysteine, DL-a-aminopropionic acid, L-tyrosine and Lalanine but none of those tested can utilize DL-histidine. Grows on YMA medium at 4 and 40 u C, at pH 12.0, and with 1 % NaCl (except strain CCNWSX 0457), 0.2 % methyl orange, 0.2 % methyl red, 0.2 % neutral red, 0.2 % Congo red, 0.2 % bromothymol blue, 0.2 % sodium deoxycholate, 0.2 % NaNO 2 , 300 mg chloramphenicol ml 21 , or 300 mg lincomycin ml 21 . However, it is sensitive to azithromycin at 5 mg ml 21 , kanamycin at 50 mg ml
21
and amikacin sulfate at 50 mg ml 21 . Does not produce 3-ketolactose or H 2 S, but does produce alkali from citric and malonic acids. Produces catalase and oxidase, reduces nitrate and nitrite, hydrolyses gelatin, and peptonizes and reduce litmus milk. Gives negative results in methyl red, Voges-Proskauer and indole tests. Of the tested strains, only CCNWSX 0457 can utilize Tween 80. Malachite green (1 %) + 2 + + 2 NaCl (1 %) + + + + 2 NaCl (2 %) + 2 2 2 2 NaCl (3 %) + 2 2 2 2 Growth at: pH 4 + + 2 + + 40 u C 2 + + + + Hydrolysis of Tween 80 2 2 2 2 + Gelatin liquefaction 2 + + + + Citrate utilization 2 + + + + Litmus milk alkali production + 2 2 2 2 Litmus milk peptonization 2 + + + + Reduction of litmus milk 2 + + + +
